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Abstract
The axial midline is an important source of patterning and morphogenesis cues in the vertebrate embryo. The midline derives from a
small group of cells in the gastrulating embryo, known as “the organizer” in recognition of its ability to organize an entire body plan. The
mammalian organizer, the node, gives rise to axial midline structures: the notochord, dorsal foregut, and part of the floor plate of the neural
tube. Only some of the genes that direct midline development are known. In this study, we present the complete coding sequence for a novel
gene, cordon-bleu (cobl), expressed specifically in the node and its derivatives until organogenesis stages. The deduced sequence does not
resemble any gene of known function. However, cobl is widely conserved: apparent orthologs and paralogs are found in many vertebrate
species, with several sequence domains of high conservation but unknown function. We find that chicken cordon-bleu is similarly expressed
in the node and its derivatives, suggesting functional conservation. We also report the sequence and nonoverlapping expression of a related
mouse gene, Coblr1. Finally, we show that cobl interacts with the neurulation gene Vangl2 to facilitate midbrain neural tube closure,
demonstrating roles for both cobl and Vangl2 in midbrain neurulation.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
In vertebrate embryos, early development of the neural
tube involves concurrent patterning and morphogenesis.
During neurulation, the mediolateral axis of the neural plate
is converted into the dorsoventral (DV) axis of the neural
tube, such that the medial neural plate becomes the ventral
neural tube. Interactions with adjacent issues, as well as
molecular cascades within the neural tissue, lead to the
morphological and cell fate specializations necessary for
subsequent development of the central nervous system.
The notochord plays a key role in patterning of the neural
plate and in facilitating its morphogenesis into the neural
tube. The notochord elongates from the organizer to under-
lie the neural midline, which gives rise to the floor plate.
The notochord provides signals that can induce floor plate,
which, along with the notochord, imparts gradations of
ventral pattern in naı¨ve neuroepithelium (Dodd et al., 1998).
During an overlapping period, an interaction between the
notochord and the medial neural plate results in formation
of the medial hinge point (MHP), which is the bottom of the
initial furrow at the neural plate midline, forming the neural
groove (Colas and Schoenwolf, 2001). Thus, the notochord
promotes both patterning and morphogenesis of the ventral
neural tube in a narrow temporal window of embryogenesis.
Development of the dorsal neural tube also involves
concurrent patterning and morphogenesis. The neuroepithe-
lium on either side of the neural groove bends at the dor-
solateral hinge points (DHLPs), bringing the crests of the
neural folds together, which then fuse to form a tube. The
flanking surface ectoderm promotes dorsolateral bending in
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the neuroepithelium (Ybot-Gonzalez et al., 2002), and also
promotes dorsal pattern formation to result in the neural
crest and the roof plate of the neural tube (Knecht and
Bronner-Fraser, 2002; Caspary and Anderson, 2003).
Several molecular signaling pathways have been shown
to be involved in regulating DV development, affecting
both patterning and morphogenesis. Sonic hedgehog (Shh)
signaling is required for ventral patterning and floor plate
formation (Chiang et al., 1996), but is dispensible for MHP
(Ybot-Gonzalez et al., 2002). Surprisingly, SHH inhibits
formation of the DHLPs and must be downregulated for
their formation (Ybot-Gonzalez et al., 2002). Loss-of-func-
tion mutations in the open brain (opb) locus result in an
open neural tube and an expansion of ventral character to
lateral regions (Gunther et al., 1994); the mutated gene
encodes Rab23, which has been found to be a negative
regulator of SHH signal transduction in nonventral cells
(Eggenschwiler et al., 2001).
In the dorsal neural tube, Wnt signaling has been impli-
cated in both patterning and morphogenesis. Mice lacking
Wnt1 and Wnt3a show reduced dorsal neuronal fates (Mu-
royama et al., 2002), which may result from defective pat-
terning of cell proliferation, cell differentiation, or both
(Megason and McMahon, 2002). Wnt signaling is also re-
quired for closure of the neural tube—specifically, the pla-
nar cell polarity (PCP) signaling pathway downstream of
Dishevelled (Boutros and Mlodzik, 1999). Dishevelled 1,2
double homozygous mice show craniorachischisis, an open
neural tube extending from the midbrain to the tail (Hamblet
et al., 2002). Similarly, Dishevelled function is required for
neural tube closure in Xenopus (Wallingford and Harland,
2002). Other effectors of the Wnt-PCP pathway are also
involved in Xenopus neurulation. For example, both gain-
and loss-of-function experiments with Strabismus, which
binds Dishevelled (Park and Moon, 2002), led to neurula-
tion defects (Darken et al., 2002; Goto and Keller, 2002;
Wallingford and Harland, 2002). In vertebrates, the Wnt-
PCP pathway affects the morphogenetic movements known
as convergence-extension (Keller, 2002; Wallingford et al.,
2002; Takeuchi et al., 2003), in which tissues narrow and
elongate by cell rearrangement. Both the notochord and the
neural plate undergo this process, driving elongation of the
rostrocaudal axis of the embryo.
Increasing evidence suggests that defective convergence-
extension in the midline is an underlying cause of some
neural tube defects. In Xenopus, disruption of convergence-
extension in the medial neural plate leads to neural tube
defects, because the broadened midline results in neural
folds that are too far apart to meet, and consequently can’t
fuse (Wallingford and Harland, 2002). Similarly, embryo-
logical studies of the classic mouse craniorachischisis mu-
tant loop-tail (Lp) revealed that the floor plate is abnormally
broad in homozygous embryos, resulting in a subsequent
failure of the dorsal neural folds to meet and fuse (Gerrelli
and Copp, 1997; Greene et al., 1998). It is likely that the
broadened floor plate and short rostrocaudal axis of Lp
homozygotes result from inadequate convergence-extension
movements. There is also evidence of abnormal pattern
formation in the neural tube and somites of Lp homozy-
gotes, probably as a result of increased expression of Shh in
the enlarged floor plate and perhaps the notochord (Greene
et al., 1998).
The molecular identification of Lp by positional cloning
revealed that it is a strabismus homologue (Kibar et al.,
2001; Murdoch et al., 2001a). The Lp gene, Vangl2 (for van
gogh/strabismus like 2) is expressed throughout the DV axis
of the neural tube, although it becomes downregulated in the
floorplate. The expression of Vangl2 and Shh are largely
reciprocal in the neural tube, and it is possible that Vangl2
has a role in restricting Shh activity (Murdoch et al., 2001a).
Though the molecular role of Vangl2 remains unknown, it
is very likely that it regulates convergence-extension as a
component of the mouse Wnt-PCP pathway.
Although these and several other molecules regulating
DV morphogenesis and patterning in the neural tube have
been identified, the majority may remain unknown. More-
over, many molecular regulators and effectors of both the
Wnt-PCP and Shh signaling pathways are yet to be identi-
fied. In this study, we present evidence that the cordon-bleu
(cobl) gene is an additional factor likely to play an impor-
tant role in DV development of the neural tube, with rele-
vance to both the Wnt-PCP and Shh pathways.
The cobl gene was identified in a gene trap expression
screen in embryonic stem cells (Gasca et al., 1995). The
Fig. 1. cobl cDNAs represent a single transcript. (A) Schematic showing
the locations of three nonoverlapping cobl cDNA clones used as probes
relative to the complete sequence of cobl. (B) Northern blots of R1 ES cell
total RNA hybridized individually to the three probes (b3, b14, e12). All
three recognize the same size band, 6.5 kb, the predicted size of the
full-length cobl RNA. (C) The same three probes show identical expression
patterns in E8.5 embryos when used as probes in whole-mount in situ
hybridization. The in situ pattern is also identical to that of the gene-trap
insertion (cobl-LacZ; also see Gasca et al., 1995). Scale bar, 200 m.
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sequence of a 367-bp region adjacent to the lacZ gene-trap
insertion did not resemble anything in the sequence data-
bases. Although homozygotes for the gene trap allele had no
discernable phenotype, the lacZ expression reporter showed
a remarkable restriction to the node, dorsal endoderm, no-
tochord, and floor plate. This pattern is very similar to that
of Shh, suggesting that Cobl might function in the ventral-
izing pathway mediated by Shh signaling. Here, we further
investigate the structure and function of the putative Cobl
protein. The full-length sequence is unlike any gene of
known function in the current databases, but we find that
cobl is conserved in structure and axial expression in other
vertebrates. We present evidence that the existing gene-trap
allele of cobl is a hypomorph, and demonstrate a genetic
interaction between cobl and Lp. The double mutant phe-
notype reveals a functional role for both cobl and Lp in
midbrain neurulation.
Materials and methods
Embryo collection
Mice homozygous for the coblC101 gene trap allele
(Gasca et al., 1995) were maintained on a random outbred
background. Timed matings of ICR mice (Harlan) were
used to generate wild-type embryos for in situ analysis;
embryos for LacZ analysis were collected from ICR mice
bred to coblC101 homozygotes. The LPT/Le congenic strain
harbors the Lp mutation. coblC101/coblC101; loop-tail/
mice were intercrossed to generate coblC101;Lp compound
mutant embryos. Embryos were genotyped for Lp by using
polymorphic variants at the closely linked microsatellite
Crp, as previously described (Copp et al., 1994).
Fertilized Ross-Hubert chicken eggs were obtained from
Gold Kist Hatchery in Siler City, NC. Eggs were incubated
at 37°C, 75% humidity to the appropriate stage (Hamburger
and Hamilton, 1951). For in situ analyses, embryos were
dissected into PBS and fixed in 4% paraformaldehyde.
Analysis of gene expression
Whole-mount in situ hybridization was conducted fol-
lowing the method of Henrique et al. (1995). Polyvinyl
alcohol (Aldrich #36, 313-8) was added to staining solu-
tions to a final concentration of 5 or 10% to enhance signal
strength. Three cobl probes were synthesized from separate
subcloned cDNAs. Clone pgfln.pk006.c24 from the Univer-
sity of Delaware chick EST database was used to make
cCobl probes. -Galactosidase activity from the coblC101
insertion was detected by using standard techniques (Hogan
et al., 1994), with the substitution of 4% paraformaldehyde
for glutaraldehyde in fixation solutions.
For analysis of chicken Cobl expression, total RNA was
isolated from whole chicken embryos per manufacturer’s
instructions (Qiagen 74104). cDNA for RT-PCR was pre-
pared from 1 mg total RNA by using MMLV reverse tran-
scriptase (Gibco). Primers for PCR amplification were
GAGCTGGAGCTTACCAAATCC and GCTCTCCATT-
GTGCTCTTCC.
For mouse cobl expression studies, total RNA was iso-
lated from R1 ES cells and neonate (P0) brains of coblC101/
coblC101;coblC101/; or wild-type mice per manufacturer’s
instructions (Ambion 1911). Northern blots were prepared
by using standard protocols (Sambrook and Russell, 2001),
with 15 g ES cell total RNA loaded per lane. Hybridiza-
tion to radiolabeled DNA probes was carried out in Ultra-
hyb solution (Ambion 8670). The blot was exposed to an
imaging plate and analyzed by using manufacturer’s soft-
ware (Fuji). cDNA for RT-PCR was prepared from 1 g
neonate brain total RNA by using MMLV reverse transcrip-
tase (Gibco). PCR products were amplified for 25 cycles by
using the following primers: 1F, GGAGAAGCAGAGTGT-
GGTTAGTGG; 1R, AAGGATGGTGAGTTGGGTGT-
TGT; 2F, TGAGATCCAAGGACAAATGG; 2R, CT-
CATCTCTGATTTGGGAGG. The nested primers were:
1NF, TCACTATCTGCACCTGACAGCC; 1NR, CAAAT-
ACGTTGATTGGGTCTT; 2NF, TGGCCACTTACATCA-
GACCC; 2NR, AATTGGAGCTCTCATCCTTACC.
Generation of full-length cobl sequence and sequence
analysis
Clones containing fragments of the cobl cDNA were
isolated from an unamplified mouse CD1 adult brain oligo-
dT-primed cDNA library (Clontech) by using the C101/7
probe under moderately stringent conditions, as previously
described (Gasca et al., 1995). Sequencing was performed
by using ALF technology (Pharmacia). Using the deduced
sequences of the clones obtained, a tentative map of the cobl
cDNA was prepared based on sequence overlaps. Overlap-
ping clones were aligned to determine the full open reading
frame (ORF) and untranslated regions. End fragments in the
alignment were used as probes for additional rounds of
screening to extend the cDNA. This resulted in the cloning
of the 3 end, but failed to yield the 5 end. A 5 clone from
the adult brain library (b3) was then used to probe a mouse
ICR newborn brain random-primed cDNA library (Strat-
agene), yielding an overlapping clone that extended into
presumptive untranslated sequences beyond the initiating
methionine of a 1337-amino-acid ORF.
Additional related sequences from the NCBI databases
were retrieved by using the tblastn algorithm. The chicken
Cobl clone (pgf1n.pk006.c24) is an EST from adult chicken
fat (L.A. Cogburn, R.W. Morgan, and J. Burnside, unpub-
lished observations). This clone was sequenced by using the
Perkin Elmer Dye Terminator Cycle Sequencing system.
The frog sequence is from EST BC046666 from an embry-
onic stage 31/32 Xenopus library (S. Klein, and R. Straus-
berg, unpublished observations). Bovine ESTs BF046348
and BF04600 are both from placenta (H.A. Lewin, M.B.
Soares, M. Rebeiz, J. Pardinas, L. Liu, and J.H. Larson,
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Fig. 2. Conservation of cobl homologues among vertebrates. (A) The predicted full-length amino acid sequence of Cordon-bleu, aligned with human
KIAA0633. Identical residues are indicated by a solid line, conserved residues with a dashed line. Overall identity is 67%, and overall similarity is 86%. The
gray shaded residues indicate the highly conserved, repeated “KRAP” motif. Alternatively spliced regions are bracketed. Conserved potential glycosylation
sites are marked with black squares. The three WH2 domains in the C termini are boxed. While all putative WH2 domains from the Cobl family contain more
residues than the murine WASP WH2 domain (GRGALLQIRQGIQLNKT), homologous amino acids to the three additional residues are found in the S.
cerevisiae Las17 sequence (GRDALLASIRGAGGIGALRKV). (B) ESTs from other vertebrates aligned with N-terminal mouse Cobl and Coblr1. Identical
residues are in red, conserved residues are in blue, and nonconserved residues in black. Sequences more similar to Cobl or Coblr1 are bracketed together.
Chicken Cobl sequence (cCobl) is from clone pgf1n.pk006.c24, Xenopus (XCobl) from EST BC046666, cow (BCoblr) from overlapping ESTs BF046348
and BF046002, chicken Coblr (cCoblr) from ESTs BM488777, BU376613, and BU242977. Highly conserved domains include the lysine-rich region from
Cobl aa 243–253, and the proline-rich “KRAP” motifs (Cobl residues 18–25, 322–331, and 355–363), the second of which is almost perfectly conserved,
while the third motif is only found in the Cobl group. Short sequences found in one or two orthologues may be evidence of alternative splicing (e.g., BCoblr
111–123, cCoblr 218–230, Cobl and KIAA0633 260–285, XCobl 256–282), known to occur in mouse and human Cobl.
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unpublished observations). Chicken Coblr sequence is from
ESTs BM488777 (L.A. Cogburn, and E. Monsonego-Or-
nan, ESTs from Normalized Chicken Breast Muscle, Leg
Muscle, and Epiphyseal Growth Plate cDNA library, 2002,
unpublished observations), and BU376613 and BU242977
(Boardman et al., 2002). Predicted proteins were aligned by
using CLUSTALW 1.8, available at searchlauncher.bcm.
tmc.edu. Possible functional domains were identified by
using PFAM from pfam.wustl.edu (Bateman et al., 2002).
Cloning of a mouse gene related to cobl
A presumptive mouse cobl-related sequence was gener-
ated by analysis of ESTs and regions of genomic sequence
conserved between mouse and human. Primers were de-
signed based on this consensus sequence and were used to
amplify cDNA sequences from mouse embryos. Sequenc-
ing analysis of these amplified fragments was used to derive
the full-length sequence of 4073 bp containing a 1241-
Fig. 2 (continued)
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amino-acid open-reading frame. A probe containing 1.2 kb
of sequences derived from the 3 end of the transcript was
generated by subcloning the fragment amplified by using
the primers CF2, CAGAAACTTCCATGCAAACAG, and
ER, CCGACTTCCCATTCACAGATA, into pCR2.1 (In-
vitrogen).
Results
Isolation of the complete coding sequences of mouse
cordon-bleu
To isolate the complete open reading frame (ORF) of
cobl, we used a previously identified, 367-bp fragment of
the endogenous gene (Gasca et al., 1995) to probe a mouse
brain cDNA library. This resulted in five partially overlap-
ping cDNAs, which extended the ORF in both directions.
We then used probes derived from the 5 and 3 ends of the
cloned region as probes of various cDNA libraries to isolate
the termini of the 6-kb message (see Materials and meth-
ods). Resulting cDNAs extended the cloned portion of the
message further in each direction. Each of these pieces was
sequenced and aligned, resulting in a contiguous clone of
5454 bp, with a single continuous ORF (see below). How-
ever, we were never able to obtain a single clone that
contained the entire ORF, the longest being 3 kb. To con-
firm that the pieces in the assembled cobl cDNA reflect a
single gene product, we used three nonoverlapping seg-
ments as probes on embryos and Northern blots (Fig. 1A).
As shown in Fig. 1B, each of these fragments hybridized to
the same-sized message (6.5 kb) on Northern blots of
Fig. 3. Expression of cobl-lacZ in the neural tube from E8.5 to E15.5. (A) E8.5 embryo stained for cobl-lacZ. Expression is expanded laterally in the midbrain
(arrow) relative to trunk levels (arrowhead). Dashed lines indicate sections in (B) and (C). (B) Transverse section through mid- and forebrain of embryo in
(A) shows broader domain of gal activity in the midbrain (between open arrowheads). (C) At more caudal levels, cobl-lacZ is tightly restricted to the
floorplate (arrowhead). (D) cobl-lacZ expression is downregulated in the posterior midbrain by E10.5 (arrow). While expression in the anterior midbrain
(arrowhead) is higher than in the posterior midbrain, it no longer appears expanded relative to other axial levels. (E–J) Transverse sections taken at equivalent
axial level of embryos (forelimb region). (E) E10.5. Similar to its expression prior to E10.5, staining is confined to ventral portion of the neural tube, and
is found specifically in the floorplate and notochord (arrows). (F) At E11.5, -gal activity begins to be observed dorsally (arrowheads), in two discrete regions
adjacent to the roofplate. This dorsal expression is maintained until E14.5 (G–I). (G) By E12.5, ventral midline expression is mostly absent, but lacZ-positive
cells appear in the region of motor neuron development (arrows). (H–J) E13.5–E15.5 cobl-lacZ expression expands throughout the ventral half of the neural
tube. At E14.5 and E15.5 (I,J), staining is also seen in the dorsal root ganglia (arrows) and condensing vertebrae (arrowhead). Scale bars: (A–C) 20 m; (D–G)
100 m; (H–J) 150 m.
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mRNA from embryonic stem cells. Moreover, all three
fragments hybridized to a message that is expressed in an
identical pattern to the lacZ gene in the coblC101 gene-trap
allele (Fig. 1C). Based on these data and alignment of
mouse cobl with a human homologue (discussed below), we
conclude that the cDNA fragments isolated all represent a
single gene. The complete nucleotide sequence is available
elsewhere (GenBank Accession no. AY308745). The con-
tiguous cobl cDNA encodes a potential protein of 1337
amino acids, with a hypothetical weight of 144 kDa.
The cordon-bleu gene encodes a conserved “pioneer
protein”
Sequence motif analysis and database searches have pro-
vided little insight into the functional nature of the cobl gene
product, but have revealed that it is widely conserved in
vertebrate genomes. The complete deduced amino acid se-
quence of Cobl is shown in Fig. 2A (along with a human
homologue, see below). General features of the protein
indicate that it is hydrophilic, with a high proportion of
serine (12%) and proline residues (10%). Although we
found conserved motifs, few show any homology to do-
mains of functionally characterized proteins. However, the
Cobl sequence contains three repeated motifs in the C ter-
minus (boxed residues, Fig. 2A) that are similar to the
Wiskott-Aldrich syndrome protein (WASP) homology do-
main 2 (WH2) (reviewed by Caron, 2002; Paunola et al.,
2002). The WH2 domain, in conjunction with the Central
and Acidic domains in WASP, can bind both actin and
Arp2/3, and functions in actin polymerization (Machesky et
al., 1999). Cobl does not contain sequence homologous to
either the Central or Acidic WASP domains, although the
N-terminal portion of the cobl sequence contains three re-
peated lysine, arginine, and proline-rich regions (“KRAP”
motif; highlighted in Fig. 2A). Proline-rich regions often
function in protein–protein interactions, and are also found
in WASP family members (Caron, 2002). There are also
potential nuclear localization signals (NLS); both their se-
quences and spacing are consistent with NLS observed in
many genes (Garcia-Bustos et al., 1991). In fetal skin, the
Cobl-GAL fusion protein localizes to nuclei (Gasca,
1997); the possibility of nuclear localization of the endog-
enous Cobl protein awaits the availability of an antibody
against the protein.
cordon-bleu represents a vertebrate gene family
Although the sequence of cobl is novel, we have identi-
fied homologues in several vertebrate species by database
searches. None represents a gene product associated with
known functions. The human clone KIAA0633 shows ho-
mology with mouse Cobl throughout its length, with an
overall sequence identity of 67% and similarity of 86%,
reflecting conserved amino acid substitutions (Fig. 2A). The
greatest conservation is found at the N-terminal third of the
proteins, the region containing the three repeated “KRAP”
motifs, with identity of 84% and similarity of 94%. Con-
siderable homology is also found in the last 200 residues,
including the 3 WH2 domains (74% identical, 92% con-
served). This probable human cobl orthologue was found in
an effort to sequence large cDNAs from adult human brain
(Ishikawa et al., 1998), but fragments of it have also been
sequenced in cDNAs from whole fetus (8–9 weeks), and
normal adult lung, liver, and pancreas, tissues where mouse
cobl is also expressed.
Human genome sequencing projects localize human cobl
at chromosomal position 7p12. The genomic DNA encod-
ing KIAA0633 resides in two sequenced PAC clones in this
region (The Sanger Centre, 1998; Accession Nos.
AC005535 and AC004414). Although cobl is located near
the imprinted gene Grb10 in both human and mouse, neither
cobl homolog is imprinted (Hitchins et al., 2002; data not
shown).
Partial cDNAs characterized as expressed sequence tags
(ESTs) from a variety of vertebrate species have also shown
homology to cobl. An alignment of several homologous
sequences is shown in Fig. 2B, with putative cobl ortho-
logues identified in the human, chicken, and Xenopus ge-
nomes. The most significant homology is found in the
N-terminal third of the protein, with sequence similarity of
37% for all, excluding an alternatively spliced exon, found
only in mouse and human cDNAs to date.
At least one other gene significantly related to cobl is
present within mammalian genomes. A second human clone
(KIAA0977) with significant homology to cobl, notably in
the N-terminal region, was also sequenced from adult hu-
man brain cDNA (Nagase et al., 1999). The KIAA0977
clone is encoded by genomic DNA located at 2q24 (NCBI
Accession No. NT_005332), which is syntenic to mouse
cytological band 2C1.3. By comparing genomic sequences
from human and mouse to design PCR primers, we isolated
a mouse cDNA homologous to KIAA0977 (see Materials
and methods). This clone encodes a potential product 63%
identical and 73% similar to KIAA0977. Over the N-termi-
nal portion aligned in Fig. 2B, this sequence is 67% similar
to Cobl; the similarity over the entire sequence is 55%. We
designate this mouse gene as Cobl-related 1 (Coblr1). Its
nucleotide sequence is available at GenBank (Accession
No. AY308746).
Other ESTs from chicken, cow, and Xenopus are found
which appear to be more homologous to Cobl-related1 than
to cobl itself. These Coblr genes are fairly similar to Cobl in
the N-terminal portion, but significant homology to Cobl is
not found past the second, highly conserved KRAP motif.
Both the mouse and human Coblr genes contain a single
WH2 domain. The Coblr genes appear to be conserved
among themselves over the rest of the protein, as we find
short cDNAs from multiple species with homology to
Coblr1 along the entire length of the coding region (data not
shown).
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Dynamic cobl expression in the dorsoventral axis of the
neural tube
The early expression of the cobl-lacZ gene trap was
reported by Gasca et al. (1995). cobl-lacZ expression is
observed in many tissues throughout gestation, and is also
present in adult tissues. Because cobl is transcribed in early
embryonic structures known to function in neural patterning
and morphogenesis, we looked closely at the expression of
cobl-lacZ in the neural tube throughout development. Dur-
ing neurulation, cobl-lacZ is restricted to ventral neural
domains (Gasca et al., 1995). However, expression in the
midbrain varies from the more caudal pattern. At E8.5,
cobl-lacZ expression extends further laterally from the mid-
line (Fig. 3A and B), than at more caudal levels (Fig. 3C).
During E9–E10, midbrain expression is dramatically down-
regulated, such that by E10.5 it is nearly absent in posterior
midbrain and is no longer expanded in anterior midbrain
(Fig. 3D). As cobl-lacZ in the neural tube at other axial
levels does not change significantly until E11.5, these data
suggest that midbrain cobl expression may be regulated
differently.
During organogenesis, cobl-lacZ expression at spinal
cord levels changes along the DV axis. From E8.5 to E10.5,
cobl-lacZ in the neural tube is confined to the floorplate
(Fig. 3E), but by E11.5, -gal-positive cells are also found
in two domains just lateral to the midline of the roofplate
(Fig. 3F). By E12.5, cobl-lacZ expression is greatly reduced
in the ventral midline, but is strong in the dorsal neural tube
(Fig. 3G). cobl-lacZ is also found at this stage in the region
of developing motor neurons in the lateral ventral neural
tube. By E13.5, the two dorsal domains have converged at
the midline (Fig. 3H). From E14.5 to E15.5, -gal activity
increases throughout the ventral half of the spinal cord, and
is restricted to the mantle layer (Fig. 3I and J). The dorsal
midline expression is mostly absent by E15.5. This highly
dynamic expression pattern suggests that Cobl may function
in multiple aspects of neural tube development.
Expression of Coblr1 does not overlap with axial cobl
expression
Given that mice homozygous for the coblC101 gene trap
exhibit no phenotype (Gasca et al., 1995), one might spec-
ulate that cobl and Coblr1 function redundantly, and that
loss of cobl could be compensated by expression of Coblr1.
We examined the expression of mouse Coblr1 during em-
bryogenesis by in situ hybridization, finding low to moder-
ate levels of expression in limited spatiotemporal domains.
During gastrulation, Coblr1 transcript is detected in ex-
traembryonic tissue only (Fig. 4A), including the amnion.
At E8.5–E9.0, expression is observed in the medial part of
developing branchial arch 1 (BA1), as well as in extraem-
bryonic tissues (Fig. 4B and C). By E9.5, Coblr1 is ex-
pressed in BA1 and in the branchial clefts (Fig. 4D and E).
Coblr1 continues to be expressed in the branchial clefts at
E10.5 (Fig. 4F and H), and is also found in the nasal
placodes (Fig. 4G) and the AER of the forelimb bud (Fig.
4I). Although the expression in the branchial clefts is similar
to that of cobl-lacZ at these stages, we have not observed
axial expression of Coblr1 in wild-type embryos at any
time.
We also examined Coblr1 expression in coblC101 ho-
mozygotes, to assess whether Coblr1 might be expressed
ectopically in axial domains in embryos containing only
disrupted cobl alleles. No difference in expression was ob-
served from the wild-type pattern (data not shown). To-
gether, these data suggest that Coblr1 would not be able to
compensate for the loss of cobl, even if they performed
similar molecular functions. Rather, Coblr homologues in
various species presumably form a second, nonredundant
branch of this gene family expressed in unrelated patterns.
Expression of a cobl orthologue in chicken embryos
If cordon-bleu orthologues perform a conserved devel-
opmental role, one would expect similar expression patterns
among species, in addition to sequence conservation. We
identified an apparent chicken orthologue of cobl (cCobl),
with 83% similarity and a domain distribution similar to
cobl but not Coblr1. We assayed expression of cCobl during
gastrulation and neurulation stages, to assess whether it is
also expressed in axial structures. RT-PCR reveals expres-
sion as early as Hamburger-Hamilton Stage 4 (data not
shown), when the primitive streak is fully elongated. Mouse
cobl is also first detected when the primitive streak reaches
its full length (Gasca et al. 1995). At Stage 5, cCobl ex-
pression is observed by in situ hybridization in the midline
extending anteriorly from Hensen’s node (Fig. 5A). By
stage 6–7, cCobl is found along the midline from the node
to the headfolds, very similar to the expression of cobl in the
gastrulating mouse embryo (Fig. 5B). Stronger staining is
observed in the foregut by stage 8 (not shown), in the region
from which hepatic endoderm arises (Le Douarin 1975),
which is consistent with cobl’s expression in the liver an-
lage in the mouse (Gasca et al., 1995). At stage 10–11 (Fig.
5C–E), expression persists in the notochord and neural tube,
as well as the foregut. Thus, the similar expression of cCobl
and mouse cobl during gastrulation and early somite stages
implies that the developmental function of cobl orthologues
may be conserved among vertebrate species.
The coblC101 allele produces reduced levels of wild-type
transcript
Northern blots of RNA from ES cells homozygous for
the C101 gene trap insertion into cordon-bleu showed a
faint band the size of the wild-type cobl transcript, indicat-
ing that normal message RNA is made from the cobl locus
despite the lacZ insertion (Gasca et al., 1995). Although this
suggests that coblC101 is not a null allele, it is possible that
the wild-type cobl message is not expressed in homozygotes
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Fig. 4. Expression of mouse Coblr1 from E7.5 to E10.0 by whole-mount in situ hybridization. (A) E7.5, Mid-headfold stage. Expression of Coblr1 is observed
only in extraembryonic tissues (bracket). (B) E8.5 embryo. Expression persists in extraembryonic tissue, including high expression where the yolk sac
attaches to the embryo in the ventral foregut (arrow). (C) E9.0 Coblr1 is first observed in the embryo in the medial region of the first branchial arch, indicated
by the arrow. (D) E9.5 expression. Staining is seen in the branchial clefts (bracket) and limb bud. (E) Section through E9.5 embryo, plane indicated by dashed
line in (D). Coblr1 is found in the ectodermal layer of the branchial arch and the olfactory placode. (F–I) Expression at E10.5. Coblr1 persists in the branchial
clefts, and is also present in the nasal placodes (arrow, G). (H, I) Higher magnification of staining in branchial clefts and limb buds. Expression in the limb
bud appears to be restricted to the apical ectodermal ridge at this stage. Scale bars, 250 m.
Fig. 5. Expression of clone pgf1n.pk006.c24, chicken cordon-bleu, by whole-mount in situ. Chicken Cobl is expressed in similar domains to mouse cobl.
(A) Stage 5. cCobl is seen in the head process extending anteriorly from the node. (B) Stage 6, headfold stage embryo with cCobl expression extending from
the node (arrow) almost to the anterior-most midline (arrowhead). (C) Stage 10 embryos show relatively stronger expression in the foregut (arrowhead), with
weaker expression in the midline (arrow), including the notochord and ventral neural tube. (D) Close-up of axial expression during neurulation, with weak
expression in the neural tube and notochord. (E) A section through the embryo in (C) shows cCobl in the notochord and ventral neural tube (arrows). Scale
bars: (A–C) 500 m; (D, E) 100 m.
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in vivo. Therefore, we assayed for the presence of wild-type
cobl mRNA in adult homozygous coblC101 mice. Using two
sets of primers, one upstream (primer set 1), and one down-
stream (primer set 2) of the gene trap insertion site, we
performed RT-PCR on neonate brain RNA from cobl/,
coblC101/, or coblC101/coblC101 mice (diagrammed in Fig.
6A). If only the cobl-lacZ fusion transcript is made in
coblC101/coblC101 mice, we should not be able to amplify a
product from the primers downstream of the lacZ insertion,
as they will only hybridize to the wild-type message. We
observed that a PCR product is generated from all three
genotypes via the upstream primers, as expected, but that
the downstream primers also amplify a product from all
three genotypes, indicating that wild-type message persists
in coblC101 homozygous mice. Specificity of the reaction
was confirmed by using nested primers (Fig. 6B). These
results indicate that coblC101/coblC101 mice have the poten-
tial to make a significant level of wild-type Cobl protein.
This in turn argues strongly that coblC101 is not a null allele
of the cobl locus.
coblC101 interacts genetically with Loop-tail
Because of its expression in organizer derivatives and the
lack of discernable mutant phenotype, the cobl-lacZ fusion
transcript of coblC101 has proven a useful marker for the
axial mesendoderm in various gastrulation and neurulation
mutants as well as in wild-type embryos (Ang and Rossant,
1994; Gasca, 1997; Saxton et al., 1997; Ding et al., 1998;
Ybot-Gonzalez et al., 2002). In none of these reports has
there been an indication of an adverse functional deficit
caused by the coblC101 allele. However, while preparing
coblC101-marked loop-tail (Lp) embryos, we found evidence
for a strong genetic interaction. The homozygous phenotype
of Lp is an open neural tube from the hindbrain to the caudal
end of the embryo, with 100% penetrance (Stein and Rudin,
1953; Strong and Hollander, 1949). Heterozygous mice
display the “looped” tail for which the mutation is named.
Surprisingly, some coblC101/coblC101; Lp/ pups display
exencephaly, such that the vault of the skull is missing and
the brain protrudes externally (Fig. 7F). The exencephalic
phenotype was apparent by E9.5, with some coblC101/
coblC101; Lp/ embryos showing an open neural tube in the
midbrain region (Fig. 7B). This phenotype occurred with
20% penetrance, but was never observed in embryos carry-
ing either coblC101/coblC101 or Lp/ only (see Table 1). A
section through the midbrain of an affected coblC101/
coblC101; Lp/ embryo clearly shows exencephaly, but no
significant change in floor plate morphology or cobl-lacZ
expression relative to wild-type (Fig. 7G and H). In double
homozygotes, there is a rostral extension of the neural tube
defect, such that embryos display an open neural tube from
the midbrain to the tail in 36% of coblC101/coblC101; Lp/Lp
embryos examined (Fig. 7C and E). The broadened floor-
plate at spinal cord levels of the Lp homozygote is marked
by expanded cobl-lacZ (Fig. 7J). These results demonstrate
that cobl functions together with Lp during midbrain neural
tube closure, which occurs independently of the failure in
trunk closure observed in Lp homozygous embryos.
Analysis of the embryos analyzed from E9.5 to E11.0
shows a reduced number of Lp/Lp embryos recovered. In
the absence of the coblC101 allele, embryos from Lp/
intercrosses are found in Mendelian ratios at neurulation
stages (Copp et al., 1994). We find that Lp/Lp embryos
constitute only 15% of embryos examined from E7.5 to
E11.5 (Table 1, P  0.01), implying that there is greater
Fig. 6. coblC101 is not a null allele of cordon-bleu. (A) Diagram of RT-PCR strategy. Two sets of primers were designed. The 5 pair (primer pair 1) will
anneal to sequence upstream of the lacZ insertion, and should amplify a product from both the wild-type and fusion transcript. The 3 pair (primer pair 2),
downstream of the lacZ insertion, will anneal only to cobl sequence, not to lacZ, and therefore will not amplify a product from the fusion transcript. (B)
Results of RT-PCR. A PCR product of the predicted size is amplified by nested primer pair 1 from RNA from all three genotypes, as expected. Nested primer
pair 2 also generates a PCR product of the predicted size from all three genotypes, including RNA from mice homozygous for the gene trap, showing that
such mice continue to make wild-type transcript.
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embryonic lethality associated with the Lp mutation when
combined with homozygosity for coblC101. As expected,
very few coblC101/coblC101;Lp/Lp pups are recovered at
birth due to the lethality of the craniorachischisis pheno-
type. In addition, surprisingly few coblC101/coblC101;Lp het-
erozygotes were observed, as determined by the appearance
of a looped tail. The much lower frequency of Lp/  pups
overall (22% observed vs. 67% expected, P  0.001, Table
2 ) suggests that many coblC101/coblC101;Lp/  embryos are
lost either during gestation or immediately after birth. How-
ever, this threefold difference cannot be accounted for by
coblC101/coblC101;Lp/ pups with exencephaly, since these
constitute a somewhat similar proportion of the Lp/ pop-
ulation at birth as the embryos examined earlier in gestation
(14 and 20%, respectively, see Table 1). Thus, the low
number of coblC101/coblC101;Lp/ pups suggests that there
is some unidentified phenotype independent of exencephaly
that results in reduced survival.
Discussion
In this study, we have investigated the structure of the
cordon-bleu gene in the mouse and its conservation in other
vertebrate species, and have determined that mouse cobl has
a role in midbrain morphogenesis. We find that the cobl
sequence does not have significant overall homology to any
gene of known function in current databases. However, our
homology searches revealed that several relatives of cobl
have been sequenced by chance in the structural analysis of
vertebrate genomes and expressed sequence tags. Sequence
comparisons define two classes of cobl-like genes, in that
the homologues from other species resemble either cobl or
a related gene (coblr1) we cloned from mouse. In mouse, at
least, these genes are expressed very differently in space and
time. In contrast, we find that the embryonic expression of
chicken cordon-bleu is very similar to that of mouse cobl,
suggesting that both the structure and function of cobl have
been conserved among vertebrates. Finally, the genetic in-
teraction with Lp reveals that one function of cobl is to
promote neurulation in the midbrain.
Cordon-bleu and its homologues define a new gene family
Our database searches found that genes related to cobl
occur in multiple vertebrate species. The cordon-bleu fam-
ily appears to contain at least two members conserved
among vertebrates: cordon-bleu itself and Cobl-related1.
Both Cobl and Coblr1 seem to have three distinct regions: a
highly conserved N-terminal portion, a relatively divergent
central region, and a more homologous C-terminal region
containing one or more WH2 domains. Mouse Cobl and
Coblr1 are moderately conserved overall, with similarity of
55%, although the conservation in the N-terminal portion of
the protein is 67%. By analogy to other developmental
genes, this may be sufficient structural similarity to perform
a common molecular function. For example, the sequences
of the two mouse engrailed homologues, En1 and En2, are
only 55% conserved at the amino acid level, yet En2 can
fully substitute for En1 in a mouse knock-in phenotype
rescue experiment (Hanks et al., 1995). Thus, one might
speculate that Coblr1 compensates for cobl in the mutant
gene trap allele, coblC101. However, these mouse genes
show very different spatiotemporal expression patterns in
wild-type embryos, and Coblr1 is not ectopically expressed
in coblC101 homozygotes.
The cobl gene appears to be fairly conserved among
vertebrates, and may perform a common function in the
axial midline. The similarity among putative Cobl homo-
logues is higher among mammals (e.g., cow to mouse,
85%), with the chicken and frog relatives more divergent
(83 and 77% similar to mouse, respectively). Loss-of-func-
tion data are not available for any of these homologues;
nevertheless, it is possible that their function has been con-
served despite significant sequence divergence. Support for
this idea comes from the very similar expression patterns of
cobl expression between mouse and chicken during early
embryogenesis. Both begin to be expressed in the node as it
forms, and are expressed in the axial midline in very similar
patterns. Thus, it is probable that Cobl could perform the
same molecular and developmental function in different
species. However, we have not identified sequences homol-
ogous to cobl in any invertebrate sequence databases, in-
cluding the sequenced genomes of C. elegans and Drosoph-
ila. The genome of an invertebrate chordate, the ascidian
species Ciona savignyi, also appears to contain no cobl
relatives (W. Smith, personal communication). Taken to-
gether, these considerations suggest that Cobl may have a
conserved vertebrate-specific function.
Possible molecular functions of Cobl
Although cobl is a “pioneer gene,” in that its sequence is
unlike that of any gene of known function, possible clues
regarding its molecular role are provided by examining
conserved domains within the predicted amino acid se-
quence. The WH2 domains, three in cobl and one in Coblr1,
are highly conserved among cobl relatives. This domain
functions in actin binding in other proteins, including
WASP and Las17 (Blanchoin et al., 2000; Machesky et al.,
1999). Whether the WH2 domains might do so in Cobl or
Coblr1 has yet to be determined. If so, the WH2 domains in
these proteins would act differently from those in which the
domain was initially described, as Cobl has no homology to
the Central domain of the WASP family, which is also
necessary for actin binding, and does not contain an adja-
cent acidic domain, necessary for Arp 2/3 activation
(Marchand et al., 2001). However, Cobl, unlike most other
characterized WH2-containing proteins, contains three
WH2 domains; in the case of N-WASP, the only WASP
family member to contain two, instead of one, WH2 do-
mains, it has been shown that both domains are essential for
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optimal Arp 2/3 activation and actin polymerization
(Yamaguchi et al., 2000). In Cobl, the repeated WH2 do-
mains may act cooperatively and may be sufficient for actin
binding.
Two of the three repeated “KRAP” motifs are found in
both Cobl and Coblr1, and all three are highly conserved
among cobl homologues of different species. Since proline-
rich regions are frequently involved in protein–protein in-
teractions, it is possible that these repeated elements are
critical for the interaction of Cobl with some other protein.
Thus, cobl and its relatives have two conserved and
repeated elements within the predicted proteins, both of
which are most likely involved in protein-protein interac-
tions. Cobl has a large predicted size (144 kDa), and no
clear cellular localization domains (except for the potential
nuclear localization signals). Cobl could bring together
other proteins via the proline-rich regions, and potentially
attach to the cytoskeleton via the actin-binding WH2 do-
mains. Given that it is expressed highly in organizing tissues
that are undergoing rapid elongation, we suspect it might act
either as a scaffold for cell signaling proteins and/or in
facilitating the cell shape changes that occur during mor-
phogenesis.
coblC101 is a likely a hypomorphic allele of cordon-bleu
Mice that are homozygous for the coblC101 gene trap do
not have any phenotype, in either an outbred or inbred
background (Gasca et al., 1995). We have demonstrated
here that wild-type message is still transcribed in coblC101
homozygous mice. The explanation for the paradoxical
presence of wild-type message in the absence of wild-type
alleles lies in the nature of the gene trap vector used in the
gene trap screen that identified cobl (Gasca et al., 1995). In
some portion of coblC101 mRNAs, the gene trap is spliced
out, presumably via utilization of a splice acceptor other
than that in the vector. Northern blots from homozygous ES
cells suggest that wild-type message occurs at significant
levels, though less abundant than the fusion transcript
(Gasca et al., 1995). Splicing around gene trap insertions
has been observed previously (e.g., Voss et al., 1998). In a
coblC101/coblC101 animal, the transcripts from the cobl locus
are a mix of wild-type and cobl-lacZ fusion messages. Thus,
the level of normal cobl transcript is lower in coblC101/
coblC101 mice than in heterozygous or wild-type mice, and
likely results in lower levels of Cobl protein being made. At
least for developmentally regulated genes, reduced expres-
sion of wild-type transcript from an allele often makes it a
hypomorph (Meyers et al., 1998; Nagy et al., 1998). In the
case of cobl, it appears that the level of protein resulting
from the coblC101 allele is enough to maintain function in
the absence of other interacting mutations. However, the
new phenotype generated when coblC101 is homozygous in
combination with Lp demonstrates that coblC101 is not wild-
type in function. Furthermore, there is no phenotype asso-
ciated with decreased Lp when coblC101 is heterozygous.
This suggests that coblC101 is not a gain-of-function allele
that acts only in the presence of decreased Vang12 activity.
Taken together, these data indicate that coblC101 is a hypo-
morphic allele. Most likely, it is weakly hypomorphic, since
defects have only been seen in the presence of decreased
Vang12 and since considerable wild-type message remains
in coblC101 homozygotes. The consequences of a null allele
remain undetermined at present.
Cobl and Vang12 interact to promote midbrain
neurulation
Phenotypic analysis of animals carrying both coblC101
and loop-tail (Vang12Lp) mutant alleles reveals that these
genes have a role in neural tube closure in the midbrain.
This phenotype is quite evident by E9.5, at a time when cobl
is expressed in the floor plate but not more dorsally. Despite
the presence of cobl expression in the dorsal neural tube by
E11.5, then, this domain does not account for the neural
tube closure defect.
The tissue of expression that apparently fulfills the neu-
rulation role of Cobl is the axial midline: the floorplate, and
possibly the associated axial mesendoderm that induces the
floor plate. Embryological analysis of Lp mutants suggests
that Vang12 functions to limit the lateral extent of the floor
plate; in the absence of Vang12, the abnormally broad floor
plate appears to prevent the neural tube from closing prop-
erly (Greene et al., 1998; Murdoch et al., 2001a). Vang12 is
initially expressed throughout the neural tube but then be-
comes downregulated in the floor plate, where it is largely
absent by E8.5 (Kibar et al., 2001; Murdoch et al., 2001).
The expression of cobl is specific to the floor plate at this
time, as it is from the earliest stages of neural tube devel-
opment until E10.5 (Gasca et al., 1995; this work). Thus,
Vangl2 and cobl show essentially reciprocal patterns of
expression in the neural tube shortly before the double
mutant phenotype occurs.
Because cobl is expressed in the same axial tissues as
Shh, it is likely that Cobl plays some role in the develop-
mental pathways mediated by Shh. The interaction with Lp
may shed some light on this role. Vangl2 seems to act
antagonistically to Shh in floor plate development (Greene
et al., 1998; Murdoch et al., 2001a). Since the effect of
coblC101 homozygosity is to worsen the phenotypic conse-
quences of Lp, and both appear to act at the level of floor
plate development, this implies that Cobl may also act
somewhat antagonistically to Shh. In this scenario, Cobl
would act in an essentially inhibitory way with respect to
Shh, despite their being coexpressed. For example, Cobl
may act as an antagonist of Shh that serves to dampen Shh
signaling in Shh expressing cells. There are precedents for
such a relationship; for example, SMAD6 is an inhibitor of
BMP signaling that is expressed in domains where certain
BMPs are expressed (Galvin et al., 2000), and is in fact
upregulated by BMP signaling (Takase et al., 1998).
The novel phenotypes of cobl;Lp double mutants are
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Fig. 7. coblC101 interacts with Lp. Embryos generated from intercrosses of coblC101/coblC101;Lp/ mice, stained for lacZ. (A–C, G–J) E9.5; (D,E) E10.5; (F)
P0. The exencephalic defect in the midbrain is apparent by E9.5; compare embryos heterozygous (B) or homozygous (C) for Lp with a wild-type littermate
in (A). (D, E) Examples of E10.5 Lp/ (D) or Lp/Lp (E) embryos with open neural tube in the midbrain (between arrowheads). The neural tube in (E) is
completely open from the level indicated by the arrowhead to the caudal extreme of the body axis (curved behind embryo and not visible, indicated by arrow).
(F) Newborn coblC101/coblC101; Lp/ pup with anencephalic appearance, likely due to the loss of exposed brain tissue, following failed closure of the
midbrain neural tube. (G, H) Transverse sections through coblC101/coblC101; / (G) and coblC101/coblC101; Lp/ (H) E9.5 embryos. The neural tube is
closed in the wild type embryo whereas the neural tube is splayed open in the midbrain of the affected Lp/ embryo. Neither floorplate morphology nor
cobl-lacZ expression appears greatly altered in the Lp/ embryo (open arrows). (I,J) Transverse sections through the spinal region of E9.5 coblC101/coblC101;
/ (I) and coblC101/coblC101; Lp/Lp (J) embryos. Note the enlarged LacZ-positive floor plate in the Lp/Lp spinal region (arrow in J) compared with the wild
type littermate (I). Scale bars: (A–C) 500 m; (D, E) 1 mm; (F) 5 mm, (G–J) 100 m.
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partially penetrant neurulation defects specific to the mid-
brain. In Lp heterozygotes or homozygotes, the midbrain
neural tube closes successfully; however, in coblC101/
coblC101;Lp/ pups, there is exencephaly, while in
coblC101/coblC101;Lp/Lp embryos, the open neural tube in-
cludes the midbrain. This implies that the midbrain is more
sensitive to reduction in Cobl levels than other portions of
the neural tube. This may be a consequence of the dynamic
levels of expression of cobl we observed in the midbrain
floor plate relative to more caudal axial levels. Initially, cobl
expression is expanded laterally specifically in the mid-
brain, but then becomes downregulated such that by E10.5
there is very little expression in the midbrain floor plate;
meanwhile, expression at more caudal levels is consistent
throughout these stages. Thus, a condition that sensitizes the
neural tube to Cobl reduction, such as reduced Vangl2
function, might result specifically in midbrain neurulation
defects.
Because the expression of cobl and Vangl2 is largely
reciprocal in the neural tube, there is presumably limited
opportunity for direct molecular interaction of the proteins.
However, there is evidence that Vangl2 is initially expressed
throughout the neural tube but is then excluded ventrally
during early neurulation; moreover, it appears that Vangl2
expression is negatively regulated by Shh activity (Murdoch
et al., 2001a). Thus, one possibility is that both Cobl and
Vangl2 are required in the ventral neural tube until a critical
time, at which point Vangl2 expression becomes downregu-
lated in the presumptive floor plate, while cobl expression is
maintained. If the function of Cobl is indeed to dampen Shh
signaling in some way, then one can envision a mechanism
that would account for the midbrain neurulation defect. A
reduced level of Vangl2, as in a Lp/ embryo, in conjunc-
tion with reduced Cobl (falling below a threshold only in the
midbrain), would result in locally increased Shh activity.
This in turn would lead to neurulation defects in the mid-
brain. Although one might have expected that the floor plate
would be expanded specifically in the midbrain in this
circumstance, leading to neurulation defects, our histologi-
cal analysis did not bear out this prediction. Rather, we
suggest that the putative increased levels of Shh signaling
lead to defective dorsal bending of the neural folds, in that
Shh inhibits dorsolateral hinge point formation (Ybot-
Gonzalez et al., 2002).
Interestingly, Lp also shows a very strong genetic inter-
action with circletail, another of the very few mouse models
for craniorachischisis (Murdoch et al., 2001b). circletail
mutants also show a broad floor plate suggestive of conver-
gence-extension defects, and result from a mutation in a
mouse homolog of Scribble (Murdoch et al., 2003). Scribble
is a Drosophila protein that contains multiple PDZ domains
and is required for normal epithelial cell polarity and shape
(Bilder and Perrimon, 2000). Scribble has not been impli-
cated previously in convergence-extension, but it is reason-
able to expect that proteins required for cell shape and
polarity could facilitate morphogenesis of tissues. Note that
the putative actin binding domains, as well as other consid-
erations discussed above, suggest that Cobl might also be
involved in regulating cell shape during morphogenesis. It
would be interesting to test for interactions between Cobl
and Scribble. In any case, particularly given that midbrain
neural tube defects are common and usually fatal in humans
(Botto et al., 1999), the molecular role of Cobl and its
interaction with Vang12 to promote midbrain neurulation
are important problems for future research.
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Table 1
Embryos from coblC101/coblC101; Lp/ intercrosses, analyzed at E7.5 to
E10.5
Number embryos of each genotype (number exencephalic)
/ Lp/ Lp/Lp
E7.5 13 19 6
E8.5 18 22 9
E9.5 21 (0) 27 (7) 6 (3)
E10.5 (26–32 somites) 6 (0) 9 (0) 0 (0)
E10.5 (33–38 somites) 8 (0) 8 (2) 5 (1)
Exencephalic embryos,
E9.5-E10.5
0/35
0%
9/44
20%
4/11
36%
Genotypic distribution of
embryos, E7.5–E10.5
58/169
34%
85/169
50%
26/169
15%
Note. Embryos were genotyped for Lp by using polymorphic variants at
the closely linked microsatellite Crp, as described in Copp et al. (1994).
Embryos dissected prior to E9.5 could not be analyzed for presence of the
exencephalic phenotype and are included only in quantitation of embryonic
genotypes.
Table 2
Newborn mice from coblC101/coblC101; Lp/ intercrosses
Phenotype Number
born
Percentage
/ with straight tail 376 76.3% Lp wildtype
Lp/ with loop tail 93 18.9%
Lp/ with loop tail and anencephaly 15 3.0%
Lp/ total 108 21.9% Lp heterozygotes
Lp/Lp with craniorachischisis 9 1.8% Lp homozygotes
Note. Pups were classified on the basis of phenotype alone, and were not
genotyped for Crp. Heterozygotes for Lp can be identified by the “looped
tail” phenotype, while mice without looped tails have been classified as
wildtype at the Lp locus.
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